The user has requested enhancement of the downloaded file.
Variation in nestling body condition and wing development predict cause-specific mortality in fledgling dickcissels Phenotypic traits developed in one life-history stage can carryover and affect survival in subsequent stages. For songbirds, carryover effects from the pre-to post-fledging period may be crucial for survival but are poorly understood. We assessed whether juvenile body condition and wing development at fledging influenced survival during the post-fledging period in the dickcissel Spiza americana. We found pre-to post-fledging carryover effects on fledgling survival for both traits during the 'early part' -first four days -of the post-fledging period. Survival benefits of each trait depended on cause-specific sources of mortality; individuals in better body condition were less likely to die from exposure to adverse environmental conditions, whereas those with more advanced wing development were less likely to be preyed upon. Fledglings with more advanced wing development were comparatively more active and mobile earlier in the post-fledging period, suggesting they were better able to avoid predators. Our results provide some of the first evidence linking development of juvenile phenotypic traits to survival against specific sources of post-fledging mortality in songbirds. Further investigation into pre-to post-fledging carryover effects may yield important insights into avian life-history evolution.
In animals, juvenile transitional periods within or between life-history stages are associated with high rates of mortality. Examples include dispersal of hatchling tortoises (Smith et al. 2013) , the early growth period of guppies (Arendt and Reznick 2005) , and juvenile crabs seeking new shelter habitats (Beck 1995) . Given that juveniles are often in early stages of development during such times, and therefore more vulnerable to mortality, variation in phenotypic traits affecting their survival may be subject to intense selection (Clutton-Brock 1988) . Phenotypes developed prior to transitional periods may therefore have important carryover effects -whereby conditions experienced during one biological period influence fitness of individuals during subsequent period(s) (sensu Blomberg et al. 2014 ) -on juvenile survival. Thus, by determining how variation in juvenile phenotypic traits confer survival advantages, we can enhance our understanding of links between selective pressures and juvenile developmental processes.
For songbirds, mortality rates are greatest during the first few days of the post-fledging period -the time between when a bird leaves its nest and when it migrates or disperses (Maness and Anderson 2013, Cox et al. 2014) . During this period, juveniles are relatively immobile and susceptible to predation, and exposure to adverse environmental conditions (Anders et al. 1997 , Kershner et al. 2004 , King et al. 2006 , Yackel Adams et al. 2006 , Ausprey and Rodewald 2011 , Dybala et al. 2013 ). Furthermore, variation in juvenile traits (e.g. body mass, body condition, wing length, wing development, etc.) at fledging may be influenced by factors such as parental incubation, parental provisioning performance, ambient temperatures, precipitation, predation risk, and food quality and abundance (Remes and Martin 2002 , Searcy et al. 2004 , Brouwer et al. 2014 , Kasprzykowski et al. 2014 , Wada et al. 2015 . If juvenile phenotypic traits influence post-fledging survival, then fledgling survival is expected to be, in part, a function of carryover effects from the nestling phase. Carryover effects are well documented across other stages of songbird life histories (e.g. wintering to breeding season; Marra et al. 1998 , Robb et al. 2008 , Risely et al. 2013 ), but comparatively little is known about the transition from the pre-to post-fledging period (Vitz and Rodewald 2011) .
We examined the influence of carryover effects of nestling body condition and wing development on post-fledging survival in a Neotropical migratory songbird, the dickcissel Spiza americana. Furthermore, we examined if phenotypic traits confer survival benefits against cause-specific sources of post-fledging mortality. Better body condition is thought to benefit fledglings by buffering them from the elements, and providing energy reserves in times of reduced food availability or adverse environmental conditions (Magrath 1991 , Anders et al. 1997 , Naef-Daenzer et al. 2001 , Ausprey and Rodewald 2011 , Vitz and Rodewald 2011 , Maness and Anderson 2013 . Comparatively, the development of wing and body feathers may enhance avoidance of predation via sustained flight(s) or wing assisted running (Birkhead 1977 , Verbeek 1995 , Dial et al. 2006 , Morrison et al. 2009 , Martin 2015 . We also used automated radio-telemetry systems to examine associations between fledgling phenotypic traits and activity rates (monitored continuously across the postfledging period). Activity rates are an indicator of mobility, and should reflect a fledgling's ability to avoid sources of mortality, particularly predation.
Specifically, we asked: 1) do body condition and wing development at fledging predict juvenile survival and activity rates during the post-fledging period? And if so, are there specific ages at which these traits confer a survival advantage? 2) Do body condition and wing development differentially affect cause-specific mortality, with body condition having a stronger influence on mortality from exposure and wing development having a stronger influence on mortality from predation?
Methods

Focal species and study sites
The dickcissel is a polygynous Neotropical migratory songbird that breeds on the grasslands of the Midwestern United States (Temple 2002) . Dickcissels are a small-tomedium sized (19 to 35 g) passerines that commonly breed on the study sites ( 50 males per plot). In our study system, dickcissels initiate breeding in late May and finish initiating nests in mid-July. Females lay clutches of 2 to 6 eggs (average 4 eggs), which are incubated for ∼ 11 d, and young are cared for in the nest by both adults for 8 to 9 d.
We conducted fieldwork from 2014 to 2015 on two grassland sites (∼ 15 km apart) with areas of 129.5 ha and 259 ha located in central IL, USA. Grasslands were converted agricultural land under the jurisdiction and active management (burns conducted every 3 yr) of the Illinois Dept of Natural Resources. These grasslands consisted of a mosaic of warm and cool season grasses, forbs, exotic invasives such as Canada thistle Cirsium arvense, and wetland areas. Additionally, grasslands were embedded in an agricultural matrix consisting of corn, soybean, and wheat.
Measuring and marking nestlings
We located dickcissel nests from May through August in 2014 and 2015 by systematically searching vegetation and observing behavioral cues of adults. We inspected nests every 3 to 6 d, and every 1 or 2 d as the predicted day of fledging approached. On the day of fledging (day 7 or 8), we banded nestlings with a metal U.S. Geological Survey leg band and a unique combination of plastic color bands. For each banded nestling, we documented weight via a digital spring scale, measured tarsus length with calipers, obtained ∼ 20 ml of blood via brachial venipuncture (which was then stored in lysis buffer for later analysis of sex), and photographed the extended right wing with a digital camera (Fig. 1) . We randomly selected 1 to 3 nestlings per brood and fitted them with a 0.7-g radio transmitter with a 12-cm whip antenna and 42 to 60 d of battery life (Lotek, Newmarket, ON, Canada; and JDJC Corporation, Fisher, IL). Transmitters were attached with an adult size (determined via NaefDaenzer 2007) figure-eight leg harness constructed with elastic beading cord (Rappole and Tipton 1991) . We glued synthetic fabric underneath the transmitter to keep transmitters from falling off until fledglings grew into their adult size harness, at which point the synthetic fabric flattens, falls off, or is preened off by fledglings (T. Jones pers. comm.). Transmitter with harness materials weighed approximately 3 to 5% of fledgling body weight on the day of fledging. We radio-tagged more than one nestling from some broods because past rates of nest predation on dickcissels indicated that sample sizes would be insufficient if we selected only one individual per nest (Berkeley et al. 2007 , Suedkamp Wells et al. 2007 . Fledgling blood was sent to Animal Genetics (USA) for sex determination.
Manual radio-tracking
To estimate fledgling survival, we located radio-tagged birds once every 1 to 3 d during the first week post-fledging, and once every 1 to 5 d until fledglings dispersed, died, or until the radio-transmitter's battery expired. We located fledglings by homing in on their signal with a three-element Yagi antenna and a receiver until individuals were spotted. If we were unable to detect a signal near the last documented location, we spent at least 30 min walking around in adjacent habitat ( 400-m radius) in attempt to relocate individuals. Fledgling locations were georeferenced (Garmin GPSMAP64, Schaffhausen, Switzerland).
For each fledgling observation, we assigned one of four different states: 1) survived -we determined that a fledgling lived until it left the study site; 2) died due to predation -we found a fledglings transmitter next to its remains or it had obvious signs of damage caused by a predator (e.g. tooth or beak marks, harness material chewed through), we tracked its signal back to a predator (most of which were snakes), or its transmitter signal was lost prior to ages at which the fledgling could leave the area or disperse (before three weeks post-fledging, confirmed with observation of parental behavior); 3) died due to exposure to environmental conditions -we found a fledgling dead with the transmitter still attached and no signs of predation; or 4) unknown -for any reason we felt unsure that a fledgling had died or moved off the study area when a signal was lost or transmitter was found on the ground. Though fledgling death due to starvation has been documented in previous post-fledging studies (Yackel Adams et al. 2006) , we found no emaciated fledglings in our study system. Therefore, we did not include starvation as a source of mortality for our study. Fates were determined using hand-tracking, visual observations, and automated radio-telemetry data.
Automated radio-tracking
We used established automated radio-telemetry systems (ARTS) at both study sites to sample activity rates of radiotagged fledglings continuously across the post-fledging period. The distance at which an individual's transmitter could be detected varied with whether or not the bird was on the ground and the amount of vegetation surrounding the individual. In general, we could detect a bird on or near the ground up to 300 m away, while in contrast, we could detect a bird near the top of the vegetation up to ∼ 1 km away. The ARTS consisted of five to eight radio-telemetry towers, each with an automated receiver unit (ARU, JDJC Corporation, Fisher, IL) connected to six, three-element Yagi antennas (model: nighthawk, JDJC Corporation, Fisher, IL). The azimuths of the six antennas were spaced by 60° to give 360° coverage. Each ARU was programmed to tune at intervals of 2 to 3 min to the radio frequency of each dickcissel transmitter. The towers were positioned to cover the entire study area with at least two towers being within 300 m of a potential fledgling location. The ARUs provide signal strength data for each antenna, which can then be used to estimate the bearing of the transmitter from the ARU, as well as activity .
When a radio-tagged individual moves, the orientation of its transmitter antenna changes. When a transmitter antenna moves, the ARU's antennas detect, at least, a change in signal strength and often a change in the bearing , Steiger et al. 2013 . Thus, to quantify activity, we used changes in estimated signal strength and bearing between subsequent detections to determine if a bird moved since it was last detected. To determine thresholds for defining movement, we determined the background variation in bearing and signal strength of a stationary transmitter and in some cases where individuals were known to have died. We considered changes in signal strength  3.0 dBm in association with changes in bearing  1.8° to be indicative of movement (i.e. the signal strength and bearing both had to change. For additional details on this approach, see Ward et al. (2013) and Celis-Murillo et al. (2016) ). We then used the number of times a fledgling moved divided by the total number of detections in an hour, then averaged across all hours of a day to derive activity rates (movements h -1 d -1 ) for each radio-tagged individual. In previous studies, activity thresholds were set higher to detect whether an individual moved between trees or bushes (Steiger et al. 2013 . In this study, however, we used lower thresholds to quantify smaller-scale movements.
Statistical analyses
We used the residuals from a linear regression of nestling tarsus length and body mass (p  0.0001, r 2  0.45) as a condition index (Vitz and Rodewald 2011) with the assumption that positive residuals indicate better body condition. Wing development was characterized from photographs using the measurement tool in ImageJ (1997 ImageJ ( -2015 to estimate the proportion of the feather emerged from the shaft relative to the entire length of the feather (emerged  shaft) for each primary feather. We then averaged primary feather emergence values for each individual to derive an estimate of wing development (Fig. 1) .
We used multi-state models in program MARK (White and Burnham 1999) to estimate probabilities of mortality and survival of fledglings. Multi-state models estimate survival (φ) while accounting for resighting probabilities of individuals (p), and also allow the increased flexibility of incorporating discrete states for capture-resighting occasions and accounting for transition probabilities among states (Y), uncertainty in state membership for occasions when an individual was not observed, and estimates of survival and resighting probability that are specific to each state. We assigned each individual observation to one of four discrete states: alive (present on site or dispersed), dead due to exposure, dead due to predation, and unknown. For all models, we fixed the survival parameter at one, the transitional probability from a dead state to an alive state and from a dead state to a dead state at zero (i.e. death as an absorbing state), and based our inferences on the transition probabilities from alive to dead due to exposure or due to predation.
Age is the main predictor of fledgling survival in postfledging studies (Cox et al. 2014) . Thus, before examining effects of body condition and wing development on postfledging survival, we refined our models by determining how probability of fledgling mortality was best described by age. We examined five models in which fledgling mortality was linear (most parsimonious trend, with fledgling mortality expected to decrease with age) across specified age classes (fledgling ages grouped to represent distinct stages of fledgling growth, with short periods of more rapid growth followed by longer, slower sustained growth; Yackel Adams et al. 2006, Vitz and . The best-supported age model included six age classes (ages 0, 1, 2, 3, 4 to 11, 12  postfledging), which were used in all subsequent models.
To examine the influence of carryover effects on post-fledging survival, we added nestling condition and wing development as single and additive covariates in accordance with alternative a priori hypotheses in which: 1) covariate effects influence mortality for a) all days of the post-fledging period; or b) the first four days of the postfledging period; and 2) covariate effects influence a) both sources of mortality; or b) wing development influences mortality due to predation and condition influences mortality due to exposure. We also examined tarsus as a single covariate effect to ensure that fledging body size alone was not an important predictor of post-fledging survival. Additionally, we ran models assessing the importance of brood
Results
Fledgling survival and mortality
We monitored the survival of 104 dickcissel fledglings (51 females, 47 male, and 6 of unknown sex), of which 34 (33%) survived until they left the study site or their transmitter battery expired. Of the 68 confirmed mortalities, 43 (63%) died within the first four days of fledgling, 18 (27%) died within 4 to 11 d of fledging, and 7 (10%) died 12 or more days after fledging. Two (1.9%) fledglings were assigned unknown fates and excluded from survival models. No birds were confirmed dead after surviving the first 36 d post-fledging. Of the 68 confirmed mortalities, 63% were due to predation and 37% were due to exposure. Daily probability of survival was lowest across the first four days and increased to nearly 100% after 12 d post-fledging (Fig. 2) . Cumulative survival was 49% for the first four days after fledging, and 29% through day 36.
Factors influencing post-fledging mortality
Daily post-fledging probability of mortality was best explained by age; with body condition and wing development differentially influencing cause-specific mortality for the first four days (Table 1) . Better body condition was associated with decreased probability of mortality due to exposure, whereas more developed wings were associated with decreased probability of mortality due to predation. Body condition and wing development were most influential during the first four days post-fledging, with the effects of body condition and wing development becoming minimal on day three post-fledging (Fig. 3) . On the day of fledging, individuals at the lower and upper quartiles for body condition had predicted rates of mortality due to exposure of 14 and 8% respectively. Individuals at the lower and upper quartiles for wing development had predicted rates of mortality due to predation of 25 and 17% respectively. Another line of evidence supporting our top model was our 5th ranked model, which incorporated separate effects of condition and wing development on mortality from both exposure and predation; the model was not supported (Table 1 ) and parameter estimates from the model indicated there was no effect of body condition on mortality due to predation nor an effect of wing development on mortality due to exposure (85% CIs bounded zero, Table 2 ). We also found no relationship between tarsus (body size) and probability of post-fledging cause-specific mortality (Table 2) . Furthermore, models incorporating tarsus, ordinal date, sex, fledge date, and brood size at fledging received less support than our top models incorporating condition and wing development (Table 1) .
Early post-fledging activity rates
The effect of body condition at fledging on activity rates was dependent on age (b  0.013, p  0.08). Regardless of condition, fledglings shared similar activity rates through the first 3 d post-fledging, but individuals that fledged in better condition became more active than their counterparts in subsequent days (Fig. 4) . Fledgling activity rates size, fledge date, ordinal date, and fledgling sex and compared them to our top model. We ranked models using an information-theoretic approach accounting for small sample sizes (AIC c ), focusing on both AIC c differences (ΔAIC c ) and Akaike weights (w i ) (Burnham and Anderson 2002) . We considered models with ΔAIC c  2 to be plausible, competing models, and selected among competing models by selecting the simplest version of nested models. We based inferences on parameters estimates on whether 85% confidence intervals overlapped zero; as 85% confidence intervals may be more suitable than 95% intervals when evaluating models with AIC (Arnold 2010) . We calculated cumulative survival probabilities by multiplying daily survival estimates (derived from our mortality estimates) up to a given day; we focused on cumulative survival up to day 4 (the time when mortality rates were highest) and up to day 36 post-fledging (the day past which no fledglings died; five fledglings were track 36  d).
During our study 37 of the 104 radio tagged fledglings had at least one sibling that was also tagged. Radio-marking multiple fledglings from the same brood has the potential to introduce non-independence if those fledglings are more likely to experience similar fates than those from different broods. Unfortunately, multi-state models in MARK cannot easily incorporate random effects, which could account for non-independence amongst fledglings from the same brood. We therefore examined the potential for non-independence of brood mate fates using a modified chi-square test (Wiens et al. 2006 ) which examined the number of young surviving a 21-d period (an age by which most fledglings become independent from adults (T. Jones pers. comm.), as a function of brood identity. We found no evidence of non-independence in fates of fledglings from the same brood (X 2  4.24, ĉ  1). Thus, we retained data from all fledglings for subsequent analyses. We also evaluated multicollinearity among covariates and did not include highly correlated variables (|r|  0.40) in the same model.
We examined associations between activity rates of fledglings (n  51), and their age, condition, and wing development during the first six days of the post-fledging period using generalized linear mixed models (Proc Glimmix, SAS Inst. 1990 ). We used a binomial distribution and logit link function with activity rate (average proportion of observations in which movements were documented per hour, per day) as the response variable, and fixed effects of a fledgling trait (wing development or condition), age, and age by trait interaction. If interaction terms were found to be non-significant, we removed them from our models and re-ran our analysis. To account for issues of non-independence with multiple observations per fledgling and fledglings from the same brood we included nest and individual ID as random effects. The number of ARU observations per bird per hour ranged from 2 to 30; because we did not want to give equal weight to activity rates based on 2 and 30 observations, we used the number of observations in each hour as a weighting factor for our analysis. Activity rates were not included as covariates in the multi-state survival models as we lacked data for half of the fledglings; technical issues with telemetry systems and early fledgling death made it impossible to estimate activity for all individuals.
during the first four days post-fledging when mortality rates were highest. Individuals that fledged in better body condition were less likely to die from exposure whereas those with more developed wings were less likely to be preyed upon. Such results provide direct evidence for important links between parental strategies and other factors affecting juvenile development during the nesting stage and the survival of fledgling young. Furthermore, our findings add to growing evidence that adult fitness may be better estimated by including aspects of fledgling quality (in this case body condition and wing development), rather than just the quantity of fledglings produced (Vitz and Rodewald 2011, Cox et al. 2014) .
increased with age (b  0.078, p  0.0001) and individuals with more developed wings at fledging were more active throughout the early post-fledging period (b  1.246, p  0.06, Fig. 4 ).
Discussion
We identified pre-to post-fledging carryover effects in which better body condition and more advanced wing development at fledging conferred survival benefits for fledglings. Survival benefits for each trait, however, depended on the specific source of mortality and were most influential Figure 2. Post-fledging probabilities of survival, of mortality due to exposure, and mortality due to predation in relation to age of fledgling dickcissels (n  102) in grasslands of eastern Illinois, USA, 2014-2015. Table 1 . Results from multi-state models examining the factors influencing post-fledging mortality of dickcissels (n  102) in grasslands of eastern Illinois, USA, 2014-2015. Models are based on a priori hypotheses of factors affecting mortality, where mortality was cause-specific (predation and exposure, unless otherwise specified), covariate effects were modeled as separate effects for one or both sources of mortality (specified as predation, exposure, or both), and for the four youngest age classes (early part of the post-fledging period) or all age classes (entire post-fledging period). fledging period (Fig. 4) . Past research also documents positive associations between increased locomotor ability and advanced wing development (Dial et al. 2006) . Although there is the potential for increased activity to attract primary predators such as snakes (which cue in on prey movement), activity of fledglings was episodic rather than constant (unpubl.). Such episodic movements may be a strategy for avoiding detection by predators. Individuals with more developed wings at fledging may have exhibited more of these episodic movements as a strategy to reduce their chances of being preyed upon. Thus, the association between activity rates and wing development in fledglings suggests that more developed wings allow fledglings to better escape predation by avoiding, hiding from, or directly evading predators. The lack of a relationship between body condition and mortality rates due to predation may appear to be incongruent with earlier results on post-fledging survival (Naef-Daenzer et al. 2001, Vitz and . Research on associations between nestling condition and fledgling survival are, however, often equivocal (Cox et al. 2014) and are inconsistent in their methodology; measuring body mass/ condition on different days of the nestling period, most often several days before the actual day of fledging. Furthermore, our findings are in line with research suggesting that a bird's body condition is a poor predictor of predation risk (Veasey et al. 1998) . Nestling body condition may also be correlated with other phenotypes likely to influence fledgling predation risk, such as wing musculature (Veasey et al. 2000) , which may explain scenarios where body condition was a good predictor of fledgling survival in the face of high predation rates. If this is the case, fledgling survival may be a compound function of pre-to post fledging carryover effects of nestling body condition, wing development, and wing musculature. Therefore, to ultimately determine the role body condition plays in post-fledging survival, we recommend future research consider measuring body condition on the day of fledging, and evaluate the effect of nestling body condition on fledging survival in light of cause-specific mortality and other important phenotypes such as wing development and wing musculature.
Model
Our estimates of activity identify potential mechanisms by which more developed wings confer survival advantages for fledglings. Though we did not directly assess how well fledglings could move or fly, fledglings with more developed wings moved with greater frequency during the post (Remes and Martin 2002 , Searcy et al. 2004 , Wada et al. 2015 , traits constraining growth of other traits (Nijhout and Emlen 1998) , and the genotype of individuals -influence development of nestling traits that carryover and affect survival of fledglings and thus parental fitness during the post-fledging period. Future research should also examine how phenotypic traits at fledging vary across environmental or latitudinal gradients. For example, we might expect fledglings in more northern latitudes to be in better condition in response to harsher, colder environments, while those in more southern
Contrary to past studies (Coslovsky and Richner 2011, Cheng and Martin 2012) , we found no apparent tradeoff between our wing metric and body condition in the face of high levels of predation risk (Fig. 5) . Our results therefore raise not only the question of why tradeoffs between the traits did not exist, but why so much variation in body condition and wing development at fledging exists amongst juvenile dickcissels. Indeed, more experimental and comparative studies are needed to examine how factors -environmental conditions (Remes and Martin 2002, Kasprzykowski et al. 2014) , length of the nestling period (Remes and Martin Figure 5 . Relationship between wing development (corrected for body size) and body condition at fledging at fledging for juvenile dickcissels (n  237) in eastern Illinois, USA 2014-2015. latitudes to exhibit greater wing development in response to high levels of predation risk (Martin 2015) . Lastly, future studies should examine the presence/absence and relative influence of pre-to post-fledging carryover effects across bird taxa that produce altricial young. To our knowledge, this study has provided the first direct evidence of wing development influencing post-fledging survival rates in a songbird. Furthermore, we have documented how carryover effects of phenotypic traits affect risks of specific sources of post-fledging mortality. Understanding constraints and tradeoffs faced by young and parents during the nestling stage and how they carryover into subsequent stages has implications for avian conservation and management. Indeed, identifying factors leading to high quality nestlings may allow agencies to indirectly improve the survival prospects of fledglings. Identifying causes and consequences of pre-to post-fledging carryover effects may also improve our understanding of avian life-history evolution. Pre-to post-fledging carryover effects have already been implicated in the evolution of geographic variation of clutch size (Martin 2015) , but they may provide important insights into the evolution of parental investment and nestling growth strategies.
